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RESU1.TSOF RECENT CALCULATIONSUSING REALISTIC POTENTIALS

J. L. Friar
Thaoratical Division, ha Alm.mosNational hboratory

Las Alamos, NM 87545 USA

Rosulcs of rocont calc~lations for tha triton using realistic

pot~ntials wizh strung tensor forces ara roviswad, with ●n ●mphasis on

progross mad. using tha many diffaront calculationalschomos. Savaral cast

problomm sro suggostcd.

Hany diffarant calculatlonal tochniquo-havo boon used co SCJIVO the

Schrodinga: ●quation for the triton. l%. ❑ost comon [1-4] of those

cachnlques historically, and tha oldast, is tha RaloighRitz variational

prncadura, This ●ugust method prodatas quantum ❑ochanlcs, and still

providos an ●ffectiva procadure for solving the Schrtidinger●quation for

tho foti.nucleon problam, In ordor to lmplomont this ●uhamo on. only naads

to (onstruct a trial wavofunction, #
T’

●id form E - c$TIHl##, whoro H is
u

the Hamiltonian i~ qutatior?, Tha quantity Eu is an uppar bound for tho

●nact ●norgy, E: E/ E. If tho diff~ranco of tha trial wsvc ~ufiction

from tha ●xaat wave funation, ~, can b. charactorlzod by a (small)

para,mocolc [#T - #+ ordar (~)] chon Eu- E+ ord6r(d2), L@or bounds for

the ●iganvalu~, E, can ●lso ba conotructod [3], vhoss quality is

significantly lovor: E, - E + ordsr (c).

Tha Craan’s funuti;n PtontoCarlo (CF?tC)❑athod it tha oldaat

❑ethod umd to solve tha Schrodingcr ●quation “oxaatly” for local

potentials (iquro, ●~ponontial, and gauaalan). It 1s ●lso prnbab

6]

y tho

least wall-known [4,7] in our somunity. Tho two primary Lngrodlanta are

tho usc of Lmagtnary cima (t+.ir) for tho bound.rntatoSchrodingor ●quation,

which rondars tha sxpon-r~tialtlmo dap~ndonao raal, and raprssontlng tho

wavofunction by a ●ot of points (or delta function-) in tha nuclocr Hllbcrt



space. The points are randomly selected. The beauty of this procedure is

that if the points can be chosen in a ~ reasonably way, relatively

few of them are needed, even to represent a function in a multidimensional

Hilbart spaca. The time-dapandentSchrodingerequation is solved by

icaration,each iteration advancing the (imaginary)time by an amount A?.

In common with ❑ost iterativa❑ethods, this techniquewill corlvergato the

lowest eigenstate of the Hamiltonian. This can be seen if we represent the

Schr6dinger equation solution by ● spectral expansion and take the large r

limit: exp((Eo-H)r)#- Zn exp(-(En-Eo)r)an#n* ao~o, where the dn ara the

eigans?ates of H with eigmnvalums, E of which E. is tha lowest. The
n’

initial distribution $ can bc any ●dmixtura of the #n’m, but clearly ona’g

final accuracy dapenda on tha siz~ of a. in tht initial distribution. In

addition, a ralaci!oly large quadrature error associated with Monts Carlo

methods is unavoidable.

The hyparspharicalharmonic (HH) expansion tachniquowas popularized

in nuclaar phyeics by Simonav ●nd collaborators [8]. It is usad in ●tomic

physics and han been ●xtansivaly ●pplied in recent yaara to both the triton

●nd alpha particle by tho Orsay [9] and Kurchatov [10] groups. Unlike ❑any

(but not all) of tha variational approaches, this ccchniquo is

constructive. That is, ths ●xpansion of tha wavafunction is madu in terms

of a comploto sot, ●nd adding ❑ ora tams should improvm thm quality of tho

●xpanelon. Convorganco than rsquiros only that ●nough terms aro used, or

that tha important onos can bo chosan from the comploto sot.

Tho fourth techniqua which is ueed iw tha Faddaav ●pproach [11-13].

Tha seminal work of Faddaev in fonsulcting ● schema for implmmonti.ngtho

boundary condition for ths scatter ng of threo particloe im also an

●xcsptlonally usaful (and tractable) tochniqua for solving bound statm

problms [14], whathcr in momsntum spats, configuration epaca, or ● mlxturo

of tho two. Tho original eolutlon for ● eubsst of partial waves of ●

“realieticm load potsntial waa ●chicvadby Malfliat ●ndTjon (15]. SLrica

that tima tha Fddaav mathod has provon to be the mo~t ●ccurata ❑ethod tor

the tricon, if not tho ●aaiaat co implcmant,

Much of thm testing for these computational ❑othoda ham lnvolv~d

simplo tast potontialm, ❑ eet of which ●ro unphysical. In addltlon, many OF

tha groups performing thaec aalaulations hava favorita potentials which ora

noc used by tha othore. Consaquantly it has provan very difficult to make

comparisons. Tho one ●xaeption is ehe #pin- and leorpin-lndapendant

Halfliat-Tjon V (MN) potmntial [5,15], fia trlton binding •nsr~lsm, EB,



Table 1. UTV criton binding energies in MeV.

Y4.uy!ln#l SfR&fll !p#l !p#Ll#UEul
‘B:

8.22(2) . 8.251

(in MeV) obtainad for this potential by various groups are given in table

1. The first three methods are variational upper bounds, the next two are

a recent hyperspherical result and the GFtlCsolution, while the last one is

a Los Alamos (-Iowa) Faddaev Group (IAFG) result. Using the wavefunctions

obtained by solving the Faddeev equations, the latter group obtained a

variational upper bound of Eu = -8.253 nev ●nd ● lower bound of -8.&84 MeV,

while ~ha Sapporo group found ● lowar bound of -8.9 MeV. The agreement

between all of the~. calculations is excallent.

ta for ~

Variational ramulta hava bean obcainad for ● variaty of potentials

with ●trong termor forcon. Unfortunately,common potontial.a are rarely

used by two or ❑ore groups. TIM Sapporo [1] and Urbana-Argonne (UA) groups

[19,20] havs calculated with thm Reid Soft Coro V8 model. This ❑odel usqs

the 1S RSC potantial in all singlst-evenwaves,
o

tha lP1 potsntial in all

singlet-odduaves, tho 3S1-
3
D1 potential in all triplet-evenwavee, and the

3P2-3F2 potantial in ●ll triplat-oddwavas. It is constructed so that

thora aro no ~2 or (~0~)2 components; it haa only central, tonaor, and

spin-orbit components and ie local, Tha UA results ●re E - -6,86(8) MeV

[16] or -6.92(9) MeV [20] whila tha Sapporo group finds -;.13 M9V.

Racsntly at Los Alamo- w. hava solvtd tho 34-channal problem with this

potential, which utilizae ●ll nucl~on-nuclaonpaxtial waves with total

angular momentum J~4, Wa ftnd E - -7.56 HeV, which fm aubetantially lower

than both variational rasults. TtM V8 potentials ●re ●o constructed that

thay are identical in the %., ‘s1-3 D1 partial wavse which compriac tha

Fadd~av S-channel potential ●pproximation. Tho Sepporo group’s rosulc for

the latter potontial is in ●xcellent agraament with tho consensus of

Faddaev 5-channel calculations. Thus, tho origin of tha large disagraoment

is something of ● mystery. We ●lso note that the difference of .54 MaV

batween tho 5-channel (pomitivaparity, Js1 NN partial waves) ~ncl34-

channol c~lculations lU much larger than uwal, The UA group [20] have

●lso calculated with the AV16 potenclal ●nd find E - -7.16(2) MaV comparad

to ● 34-channel result OE -7.60 HoV.

Hyporspherical hermonic methods havo been epplied to tha soft~r

realletic potential by the Oroay group [21]. They find -7,13 Hav for th.

Super Soft CorG (C) potential, for which 34.channel Faddaev comparison

rseults [16] ●xist: -7.53 PleV, Recently the Kurchatov group [22] hav~



indicated that they have greatly improved the convergence of their HH

result~, but no written discussion of these calculationshas been

available. This would be very excicing news.

Significant recent progress [7,23]has been ❑ade in utilizing the GFMC

method to solve both the triton and alpha particle problems with realistic

potentials. It is typical of applicat!,onsof the Monte Carlo ❑ethod to

quantum mechanical problams that they have severs problems treating

fermions [24]. In the moat naive sense the Monte Carlo techniques require

a positive (semi-) definite probability distribution from which to sample.

The ground-state wave function for boaon systems has such a distribution,

in order to avoid nodal surfaces which increase the kinetic energy, In

contradistinction,fermion ground states must have such surfaces in order

to satisfy the Pauli principle. This is less true in few-nucleon systems

because the angular ❑omentum barrier renders the s-waves and the

concomitant tenmor-coupledd-wavea dominant. Morecvsr, in the absence of

spin- and iaospin-dependentforces ● completely space-symmetricsolution

for the triton and alpha particle results, which also satisfies the

constraint of tt,ePauli principle, Tho net reeult is that the physical

few..tuclaonground states ●rc predominantly space-symmetLLc S-states, Vlch

admixtures of ❑ixed aymmotry S-tP-, and D-waves. The latter are not

positive definite, but are not dominant,

Until recently, tha GFMC ❑ethod was believed not to work well for

realistic potentials in tho triton and ●lpha particle. The reason is that,

in general, ths gi-eundstate of th~ ❑any-fermion hamiltonian is MS tht

solution which satisfLe8 the Pauli principle ●nd is antisymmetric,but

rather a symetric one which ham ra nodal planas that greatly enhance the

kinetic ●ner~. CcmverSence would then tend toward an unphysical.state,

It is part of the GFNC methodology to project such solutions out of the

(random) distribution of points which represents the wave function.

Howaver, although they can bt ●liminatcd “in the meen”, their etl’eccon the

Monte Carlo variance can not IJOeliminaccd and this “noise” ●ventually

dominatae and swamps the #ignal,

Joe Carlnon, ● ❑ember of our group, has recently succe~ded [7] in

●pplying the GF?4Cmethod to the triton ●nd ●lpha particlee for ● quasi-

realistic potontial which has a fitrongtenmor force. ‘ho pOtWItiaL USJd

was the Argonne V6 (AV6), and was choaon for the technical reason that it

has no spin,orbit intoractlon (one -imply ●llminataa tho 7-14 components of

the AVM potential [25]), Convargad anewora were obtained without

oxcausivt noima, The triton ●nergy renult agraes with the Faddeev

calculatj.ons: -7.148 mv. T’h ●lpha particle rosulta ●rc shown in

Figure 1, which it typical of the output of the GFt4Cproceduro, The first
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Figura 1, “TiM dapawnca” of the GFlfCalphaputiclo binding●n-rgy.

point●t T4 is tha variationalrasult and tho sourca of cha starting

dlntribution for tho GPMC procodum. Aa T incrmamom, cha ●noru rapidly

drops to ● flat diatributlm modulatad by random (statistical)●rrors. Th

dmshsd llMS indicacs b for th~ final (conztanc)distribution,TIM tima

Conatancin 10ss than0.025 - 1/(40HaV) which indicstam that in th~

initial ●amplo thtro are vary●norgatla eoapononts, ~n, which rapidly

dacay , Convargmw 10 somawhat lass rapid for tha morn waakly bound

triton. Tho (preliminary)rtsultof E - -24.9(2)140Vis both ●n “ract”

anmmr ●nd an upper bound, ●ll mbjsct to tha statistical●rrors. n.

fmprovamontovar Cho variationalromult im 2 H-V, Thrm ia no ●vldanca of

● rapid incrbama in atatimtioal●rror am r lnoromaa, indicating ● moro

doaply bound ●tato. At tho monnc Carl-on1s lmplomantingcho spin-orbit

lntoractionin tho GPHC proaaduro●nd plain to calculata with tho RSC V8

●nd Argonna Va pocontialm.

W- arguadprovioualythut in gonmralthorowas ● lotmr●norgy

.lSanacatoof tha Hamlltonlanwhiah did not satisfytha PaulL prinaipls,

Why is wah ● atata not saan? It la cornwwiorwl to claaaifytwo-body

stat~s of c spin=and isoapin.tipondantHamlltonianaccordingto totalspin

(9) ●nd Lsospin(T) for A Sivonorbitalctmtt. Thw cho gonorallzod PaulL

prlnciplo allowsS-1 and T4, M WO1l ●s S4 ●nd T-1, for (antlaymotric)

S.wava8, If ona ralaxosthat raqulramanc,otharcombiruclomr,such •~ S-O,

T-O ●nd 9-1, T-1, ●ra aLlouod uitlahvouldaorrcapondto cmplataly

s~trio stat-sundar Lnccrahangaof ●ll coordlrutas, ~or a glvoti an~ulac

momantumstats (L ●nd S) it ia tht laoaplnwhtah lmpls-nta cho raqulrad

chanSa in symotryt For ●mmpla, cho domlnanctsnsor.coupled3S1-’D1

●



partial waves become T-1. Moreover, the longest-range (and very important)

force component arises from OPEP. The spin-isospin factor typical of the

latter is ;1*;2 ;lC~2, which is -3 (attractive)for (S,T) - (0,1) and

(1,0), but Ls repulsive for symmetric states, It is this feature of

realistic nuclear forces which renders the s-wave components very repulsive

for the symmetric states and consequently there is no bound symmetric

state. This has been verified by a Faddeev calculation for such states

[23], both with and without a three-nucleonforce. The GFMC ❑ethod offers

great promise for the alpha particle where complete Faddeev-type

calculations are exceptionallydifficult.

The Faddeav ❑ethod has been applied to a wide range of realistic

pote~tials. These calculations are traditionallyperformed by expanding

the nucleon-nucleon force into an infinite number of partial-wave

potential, each tetm of which acts only in a single partial wave (e.g.,

%.) . Calculations have been performed up to 34 channels (all NN waves

with J < 4), although keeping ❑ore channels is quitm possible. Variational

calculaciona [26] for tha additional components with 4 < J ~ 8 indicate

that only 10 kaV 18 missing from the Faddaev calculations.

Results which hava been obtained using 3~-chann~ls are: Reid Soft

Core [27] (RSC) [-7,36 MeV], Argonne [25] V14 (AVIJ) [-7.68 MeV], Super

Soft Corm [28] (C) [-7.53 MeV], de Tourreil-Reuben-Sprung[29] (B) [-7,57

MeV], Paris [30] [-7.6& HeV] and Bonn [31] [-8.33 MoV] [32]. All are 34-

channel rssulta [33,34], and with tha axcoption of the Bonn result [36,37]

are roughly 1 140V too low, See also Ref. [35] ●nd [37]. The preliminary

rasult from tho MPG for the Nijmegen potancial La -7.77 MeV.

‘fhaBonn potential has 3 significant foatur-a which proaumably play

som~ rola in the increaasd binding. Ona feature of uncartai.nquantitative

importance is the fact that the configuration space varsion of the ❑oat

rectnc Bonn p~tential, like the Paris and Nijmagen potentials, haa

components of tho form (~2,#), where ~ is the relativo two-body ❑omantum.

Such tarms wore neglecced in ●lmost all of tho older ssmiphanomonological

poeentlala, but they arise naturally [38] ●nd ●ro in fact required by

special relativity [39]. TIM second faature is the waakor tensor force in

ths various Bonn potentials [31] (thera ●re ❑any such potentials with

disparate fores ●nd agas), It haa boon known for several dacades that

weakening the tmisor force increasen tha triton binding ●norgy. Tha reason

is that ●lthough tho tricon binding is very sensitive to the tansor force,

the deuta:on in ●van ❑ore so, Consequently, the obvious requirement for

●ny potential that tihadeuteron have the correct binding ●nergy laadc, upon

weakening tha tensor for(e, to a ■ignificantly●hancad central forca,

which Lo ❑oro ●ffcctlva in tha triton than ths dauceron and thus Lncraases



the triton binding. Typical (but clearly unphysical) potential models

without a tensor force overbind the triton.

Tho third feature which is salient is the fact that the p~tentials

which are fitted solely to np scattering data ara stronger than those fit

also to pp data. Tha T-O partial waves are determined solely by np data,

but charga dependence of the force ❑akes T-1 partial waves differ for the

np and pp (or m) cases; the s-wave scattering lengths prove this [38].

Consequently the lSO potential for’ the AV14 and Bonn potentials, having

baan fit to np data, are stronger than those fit to pp data. Racently [40]

wa shoved that if the tiny Isoquartet (T-3/2) component of the trinucleon

wave function produced by this charge dependence has a negligible effect,

the appropriate T-1 NN force for use in the triton (assuming charge

symmatry) is given simply by (2Vm/3 + Vnp/3). Qualitatively this results

from the 3 NN pairs in the triton being roughly 3/2 T-O pairs and 3/2 T-1

pairs; thara is one nn or pp pair (T-l), whila each of the np pairs has a

3/4 T-O (S-1) and 1/4 T-1 (S-O) weighting. Thus the force for tha like

particlaa (nn or pp) comes in with twicm the weight of the unlike

particles. The amount by which using V incrafiaeathe binding ovar thenp
“2/3-1/3 rula” given above la a ❑odel-dependantquestion, but simple

estimates suggemt that each “thirdm of a potential changes tha binding

energy by roughly 100 kaV. Thus, using the 2/3-1/3 rule could reduca

binding for rip-fittedpotentials by as much am .2 l?4Vand increase the

binding for pp-fitted potentials by .1 HeV.

The wcakar tanaor forca can pramumably ba put to an experimental test

using NN data. Unfortuntaly, the ralavant obsexwables which are sensitive

to ths tansor forco ●rc poorly known, ●lthough there has bean much recent

experimental work which ●ima to improva tho situation. Many of the detaila

pertinant to constructing nucleon-nuclaonpotentials ●re dacidad by

thaorotical prajudico, Hopafully this quaation can be resolved aeon.

wnuAQuulmAtdds
Each of tho mathods w, have dmacribed producaa a wavs function which

can b. ussd to calculata obsanablos, such am tha mm charga radii,

asymptotic normalization conatanta, Coulomb ●n@rgiaa, ●nd charga densities.

All of tho mothoda whict.havs bean dcscribad calculato thasa obsorvables

routinaly, S8 well ●s parcantagas of various wavo function compon~ntm~

which ara not ❑caaurablo.

fn addition to calculatlo~m based on two-nuclaon potmtials ●lono,

thora has boon much racant ●ctivity in tho ●rsa of thraa-nuclson forces.

Thao forcss ●dd ●dditional binding ●nsrgy, in soma casas s largs ●mount,

Consaquontly, thcro is s wida rango of binding ●nwi- for thasa disParate



models. We will argue below that most of the trinucleonobsenables are

sensitive co the trinucleonbi~ding energy, EB, and c~nsequently,quoting a

single number for such an observable has little ❑eaning. What is a

meaningful procedure in most circumstances is to plot the values of an

~bservable for a particular ❑odel versus the correspondingbinding energy

of that model. Such plots are not new; the Phillips curve [41] for the nd

doublet scattering length and the Tjon line [42] for the alpha particle

binding are well-known examples. Thera is no guarantee that such a plot

will show a distinct line, or narrow band. However, if such a dependence

on E
B
alone occurs, we say that “scaling”holds. Thie berrows from the

vernacular of electromagneticinteractions,and means that EB is the only

effective \*ariablewhich is required. The physical reasons for such a

dependence are two-fold. If we restrict ourselves to “realistic”

potentials, we guarantee that the long-range behavior ~f these forces is

virtually identical, In addition, the triton is relatively diffuse like

the deuteron (EB/A < 3 MeV) and this tends co emphasize the ragions of the

wavefunction where the nucleoru are noninteracting or sicarcelyinteracting.

The paradigp for this behavior is the deuteron, whosa asymptotic vave
l/2function is proportiend to exp(-ur)/r, where X-EB . Thie form is

completely determined by tha binding energy, and illustrate why quoting

obse~ables without correlating them with the corresponding trinucleon

binding energy la of limited value. In what follows below we show results

for obaa~ablem basad only on WC calculation, not because othars havan’t

performad similar calculation, but because these correlations can be

easily ❑ade with our binding energies.

A good example of this scaling [43] is the rms charge radius.

Schematic trinucleons ●re dapicted balow in Figure 2. The protons am

shadad. If ●ll NN forces wars identical we would have tha ●quilateral

configuration in (2a). Tha rms charge radiua la the (mean) distance (Rp)

from the trinucleon center-of-mass (CM) to any one of the protons. Because

tha pp or nn force is weaker than the np force, the like particles actually

lie further from tho CM than the remaining unlike particle. Qualitatively,

the angle # in Figure (2b) is greater than 60” ●nd the equilateral

configuration (S-state) in (a) becomes Isosceles in (b), Tha deviation of

the Isosceles from tha ●quilateral configuration is a ❑easure of the ❑ixed

Bymmetry S’-8tate. The geometry clearly indicates that tha charge radius

of ‘He is graater than that of ‘H. This is ●hewn in Figure 3, a “scaling
2 1/2

plot” of the rma charga radius, <r > , versus EB for our theoretical data

set. A point Coulomb interaction is includad in tha ‘He calculations [44].

Tha data from ● Saclay [45] ●nalysis are in good agreement with tha simple

fits.
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Figuro 3. Scaling plot of ma charga radii calculations with fits and

data,

T%. qualitative behavior can be easily undorsteod. The ❑ean-square

radiu is ● mtrix ●lomant which heavily woighcs tho outer portion of the

wavofunction, which schematically bohavos ●s ●xp(-~r)/r,
1/2

vith X-(EB)

Asuumlng that tha ●ntira wavofunction has this form and performing tha
~uadratuzm, ~aadm to <r2>l/2-E.l/2

Tha iaoscalar combination of rms radii

1/2 do.mBind@ad vary in this faahion,[(2<r2>Ha + <r2>H)/3] , wtIilatho

diffaranca componant, which is largely dataminad by the S’ -stat.,

dacreasas more nearly ●s EB1. Tho iattar behavior can be tracad to the

rapid dacraama of tho probability of tha S’.#tita, P
-2

S’-EB ‘
as a function

of binding. This trmnd has a larga spraad and does not manifast scaling as



clearly as the rm.eradii [43]. Although no~ specifically included on our

plot, the Bonn result [32] falls on the ‘H cu~e.

me pp Coulomb force produces two competing effects [44] on the ~He

charge radiua. The Coulomb interaction lowers che binding energy ●nd this

increaeee the radiua. In addition the anymptotlc form of the wavefunction

IS changed from a Hankel function (exponential) to a Whittaker functioi~,

which falls more rapidly at large aeparatiorm, thus raducing the radius,

TIM coulomb ener~ of ‘He has long been know.,to be smaller than the

764 keV binding enera difference of ‘He ●nd ‘H. The firat q~ntitative

demonstration of this waa given by Fabre da la Ripalla [46] and Friar [47],

who derived a SIMP1O approximation to the Coulomb energy which ●llowed

experimental electron scattering data to ba uned to estimate that energy.

The simplest version of that formula can be derived from Figure 2. ne

(point-nucleon)Coulomb potential in Figur. (2s) is a/x, where a is the

fine structure constant. If tho trinucleons are primarily in ●n

equilateral configuration, we can replace x by j~z, which in effect

replaceo tha two-body correlation function by the charg~ density:

Ec _ ~/~= (a/~S)~d3rpch(r)/r. This simple ●pproximation can be extended

to include mixed-s~etry wave function components and the proton’s charge

distribution. It can be demonatratod [44] to work at tha 1S level by

calculating both aidoe of the relationship. If experimental data are used

for pch one finds E= - 638 i 10 keV, A scaling plot of Ec versu~ EB,

taking ●ccount of the protan’s charga distribution, is shown in Figure 4.

It produces Ec M 652 keV ●t EB = 8.48 MeV. The slightly larger number

results from tho inability of theoreticalwava functions to reproduce the

innar portion of pch(r), which leads to A small increase in E Thec“
●dditional 100 keV which 18 needed 18 due to other dir~ct ●nd indirect

charge-symetzy-bzcaking ~chanima.

Anoth_r important set of obse~ables ●re the ●sy.,ptoticnasalization

constants [32,48]. If one strotchea the triton until A dauteron 18 outside

the force range of the remaining neutron, the wave function becomos

prspoxtional to ●n ●xponential (-exp(-/ly)),where y is the relative

coordinate of the -o syfitems ●nd ~ is the wave number for tha deuteron-

triton binding ●nergy difference). The proportionality constant is the

aqmptotic normalization. Becauao of the HN tonaor force, thare ●xe

actually 2 conat.ants,one for s-wave (C~) ●nd one fot d-wave (CD), and

their ratio, q - C~c~ . Thero ham been considerable recent interest in

these constanta for the ●nalogous deutcron problem [49], Because the uava

number @ increases ●s triton binding increases, the ●sntotic wave

function becomes steeper ●nd probability dacreases in the ●xterior region.
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It bccomss ●asior for tho ●symptotic two
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ratio, with fitm and data.

function to ❑atch smoothly onto

tho intarlor portion if ths ●symptotic normalization constant increaacs as

tho binding incraasoa, Each constant (CS, CD and q) incrsasss with ●nergy,

as illuatratsdby q in Figuro 5. Both ‘H and ‘Hc (with ● Coulomb

intaractlon) ●ra shown togothar with data,
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